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ABSTRACT Wrought Mg alloys alloyed with rare elements (RE) addition were deemed to be one
of the most promising Mg alloys in industrial application, due to the formation of weakened texture
and refined microstructure. Generally, the wrought Mg alloys with RE addition after normal thermal–
mechanical processing possessed incompletely recrystallized microstructure, so it was necessary to re-
search the subsequent annealing treatment for controlling the microstructure. Unfortunately, the corre-
sponding investigations on the mentioned above were still limited. In this study, hot–rolled Mg–1.02Zn
and Mg–0.76Y (mass fraction, %) alloys were selected to investigate the microstructure evolution, static
recrystallization behavior and grain growth kinetics under different annealing treatments. The mi-
crostructure examination showed that hot–rolled Mg–1Zn alloy was composed of shear bands and twins
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with the occurrence of dynamic recrystallization; whereas only twins were observed in the hot–rolled
Mg–1Y alloy, no shear bands and recrystallization were detected. That should be attributed to the
difference in the deformation modes during rolling processing. After isothermal annealing for the two
alloys, recrystallization occurred in some remaining twins, whereas no recrystallization took place in
others. EBSD analysis revealed that low angle grain boundaries or orientation differences were observed
in the remaining twins with recrystallization, suggesting that recrystallization should be associated
with the levels of stored deformation energy. The process of static recrystallization and grain growth
kinetics were described by the JMAK model and grain growth model, respectively. The process of
static recrystallization for the Mg–1Zn alloy was mainly dominated by the process of nucleation; while
that for the Mg–1Y alloy was both controlled by the process of nucleation and growth, resulting in finer
grain size. Moreover, the results showed that the Avrami exponent of recrystallization n ≈1 deviated
from the expected value in theory n=4, which could be due to the non–random recrystallization sites
in the deformed alloys. Lower value in the grain growth exponent n′ was obtained for Mg–1Y alloy
than that for Mg–1Zn alloy, which may be ascribed to the stronger dragging effect of the solute Y
element on the grain boundaries than that of solute Zn element.
KEY WORDS Mg–Zn alloy, Mg–Y alloy, hot–rolling, static recrystallization
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#$()"', 7-#8%�#*�.+!$/0*0%
$+9&1,&,+&-. '', -.&*'/ hcp .
2, 7(3 :4 506);1*(/& (0001) 70
<2, =>(/&70<2?*&*'+1,&8-*1
'1.. 2/, 021)9&*'&70<23*/3&
+1&*'&@4545*A6 [1−4].

54 [5,6] 26, :+,77-B.1;68)9&
*'3,&70<2, /(3<9:C=014&&*'
3,>:)',), 2;3'/8-*1'18D4?.
54 [3,7,8] 5/: )9&70<21/70@<&89
A6,:,=,  E70@<*>75; )9<2B?C
08;1CD@&8-;1, 6<=9;1&41. :

# :<"7; :C%E7-B.&&*'#(/8
A<F.>G<, 2/B4D@&CF?0@/2CD
GG<. 3&H5EI.E7-B.&&*'&549
J;75=F.>C>1*&<22HK0 [1,9−11], :
 :<D8?CF@LFE7-&*'&CFG<G+
CA=F.>5:HI&;<. =J#6:K?:C<
L@LFC%& Mg–1Zn / Mg–1Y *' (BM*M,
47MA, %, F?) C8?;>/BNCFDG<&:
?54, MNCD>A=F.>5:H/>E@A5:H
3F.

1 ��IJ
/+<9B Mg, Zn(4 Y) C Mg–1Zn / Mg–1Y

&?GHK*'; *'D9�IJDOLDM &'EO
K;. 9HMNED&NF*M (47MA, %) / Mg–
1.02Zn C Mg–0.76Y(LB/ Mg–1Zn / Mg–1Y).

Mg–1Zn / Mg–1Y NFM7C 400 G, 24 h /
535 G, 5 h MO9HNDEDOMO&IKG<, 'DC
PP:<* 20 mm Q&:C+3PFQ. :CB:R8
CM , :RPQ/ 300 mm, QGR/ 100 mm/s. :

C&FQ7!5R;M S 440 G, S<-0F7 10%–
30%, <-NSRCF 5—10 min, :CT<-, T0F7
R/ 65%. =54::CT<-D& Mg–1Zn / Mg–
1Y 3,M77 200 GS 500 GAN<RCFHN, C
FD7*H;UI, 'DJQGJG<. G<GJ&, F
Q7 240—5000 T SiC KUVUKV, WD+ 1 µm &
'VL5VWWX. C6MXSMXR 30 s D, 7 Carl
Zeiss Axio–Observer 'K8DY (OM) FGJ. +.!
XLNOTO (EBSD)GJ&FQC6!ZWXD, /+
XL30 ESEM–FEG/EDAXMYOZ[P\!Y (SEM)
/ OIM5.2 QL<RGJ/MN.

2 ��YZ
2.1 � !"

R 1a / b M7; Mg–1Zn / Mg–1Y *'MO
9CFG<, 8[>ENOMR 200 µm. R 1c / d /
Mg–1Zn *'U:: – [: (RD–ND) 0PQ/?Q&
OM \S. R 1c ;]VGJD]::* 30 >^W&
TRA6R, U\VWX. R 1d ;A6R]^&?QG
<, ]V_DA6RS6K`&>E, 1]K^-T&;
>Kab. 7;>9/+1>E>9HGJDA7X=F
.>>E, 11*OX=F.>>E]UA&+1>E_
V&WYcXG<. /E, 7A6R;ZGJDOA7&
F.>>E, R 1e / f M7;CK?<L:C& Mg–1Y
*'U RD–ND 0PQ/?Q&8DG<. UR 1e W
X, Mg–1Y *'C:CDd&A6RY[. 7?QFG
J (R 1f), ]V_D7U::=@+1G<&>5&A
7;>Y[, Zd&F.>Y1.

R 1 ; 2 >*'&+1G<.)Y6:+ Zn / Y
D, :&*'7?;:C6);&+1PC41O\].
Mg–1Y *';_&;>, d&Y[A6R, ' Mg–1Zn
*';`?BY[;>/A6R. A6R&Y[]A6,
:J;4e99&I; 6[7,+7fAZ@</;1$
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# 1 Mg–1Zn � Mg–1Y Æ� `�����, �� Mg–1Zn � Mg–1Y Æ_ RD–ND h��
Fig.1 OM images of Mg–1Zn (a) and Mg–1Y (b) alloys after uniform annealing treatment, OM images of as–rolled

Mg–1Zn (c, d) and Mg–1Y (e, f) alloys in the section of RD–ND surface (The rolling direction is to the

horizontal; the arrows in Fig.1c indicate shear bands; the arrows in Fig.1f indicate twins)

PC8aV4aa@+1B41 [12]. /E, A6R;
bY[B]>ENO�+1;>�c\bX>i/A7
$ [12] &I. 7=54;, 2 >*'&]]>ENO/*
'B.E7K^Z:C@LK?, 2/A6RY[_]c
\bX&>i&I [12]. ]=J&.di^, Sandlobes
$ [13] : Mg–3Y *'U:DY[, *'+1fMOZ+
1@4J;7>5, 'B Mg 7K?+17U:D`41
O68&A6R. ]1&b2;_: YDe+OBMg&
^_1, E 〈c+a〉`_&f'c:,>5@<ac:./
E, Cottam $ [14] : Mg–3Y *'7 450 G 08+1
D&<2G+5426, 7+16);]1& 〈c+a〉`_
75. 2/, =54;, -. Y &:+, g70@<::C
+1&hbc: [13],  E:C6)+1iMO`Y17
>5, =]1;:C Mg–1Y *'d&Y[A6R&b2.

?B, >5+1MOc:O>5Y15=F.>WB4&
jG89+17, a'`bO Mg–1Y *'&5=F.>
1k.
2.2 $d!"%e

R 2a ; Mg–1Zn *'7 200 GCF 5 h DPQG
<, c'cd:CG<&8MO'. R;eaTRdeW
XÆfb9:,.:CG<&A6R (l]]>E>9),
Æb9F.>cmMAf?Z6gF.>>E368Y
1@A, =@4;-.7:C6);=gb9+1J;1
VfOA7&+11, 2/7CFDi*>Y1F.>1
d@@A. '', 7]]>E5gF.>cmMAnP, >
5V7A7hh;>. aR 2b;&?QG<]V_Y,=
ghh;>5&g3CY1OF.> (Uoa\VWX),
&g`d&Y1F.> (Uea\VWX). R 2c / Mg–
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# 2 Mg–1Zn Æ� 200 � 300 i��
�dp�	ij��
Fig.2 OM images of Mg–1Zn sample after annealing at 200 j for 5 h (a, b), 200 j for 24 h (c), 300 j for 3 min

(d), 300 j for 5 min (e) and 300 j for 50 min (f) (The parallel and dotted lines in Fig.2a correspond to

the region near shear bands; the black and white arrows in Fig.2b indicate the twins with recrystallization

and those without recrystallization, respectively; arrows in Figs.2d and e indicate the growth direction of

recrystallized grains)

1Zn *'7 200 GCF 24 h D&G<, qEOA<F.
>&G<, Z>ENOR/ 20 µm.

kCF;>4?D 300 GB, Mg–1Zn *'CF

3 min D]]:C+1G<;&hh;>/A6R3A
<ke (R 2d), Zf]VGJD&UA&]]>E (R
200 µm). i^`, Jager $ [15] Zf;<:C AZ31
*';, 300 GCFjB 3 min A7hh;>lA<k
e [15]. aR 2d \VWg`K]V_YmO&F.>>
9:]]>E`<&6): lg&>9:b]>E5hi,
7fV&+11j5F, >9:+11fVf9&b]
>E5<5, VnA*hrF.>6). '7Æ;>CF
5 min D (R 2e), EDOstA<&F.>G<. ]
200 GCF 24 h D&G< (R 2c) K?, F.>>ENO

68cA, R 60 µm. UR 2f WX, kCFBN<6nm
@, 7901&i+F, >9l.TP911*3`&$
j>E.

R 3 ; Mg–1Y *'7 300 / 350 GC8?BNC
FD&G<. -.P. 300 GCFB, Æ*'&F.>6
)u>vk, =J: Mg–1Y *'_nkO 300 GCVm
&CF;>. R 3a /Æ*'7 300 GCF 1 h D&G<,
/+1G<]F.>G<_V, =]Mg–1Zn*' 200G
CF&G<i^. 7]]>E>94-T;>H$`K]
VGJD,7A=F.>>E, Uoa\VWX. /E, f
&A7&hh;> (Uea\VWX) /UA&oF.>
>E. 300 GCF 24 h D (R 3b), F.>37=A*, >
ENOR/ 20 µm. kCF;>n?S 350 G, ]R 3a



�530 g�[�^�\ � 48 �

K?, F.>cmMA&WcA, Zf/8MOG< (R
3c). 350 GCF 1 h D (R 3d), ofV7,7;> (U
\VWX), EDOstA<F.>&G<, >ENOR/
30 µm.

R 4a / b–g M7/ Mg–1Zn *' 200 GCF 5 h
/ Mg–1Y *' 350 GCF 5 min D& EBSD J:*p
R, >; 2◦–15◦ &=l>>9/ 15◦—100◦ &Al>>
9M7+ea/oaoe7R;pY. UR 4a WX, -

# 3 Mg–1Y Æ� 300 � 350 i��
�dp�	��
Fig.3 OM images of Mg–1Y sample after annealing at 300 j for 1 h (a), 300 j for 24 h (b), 350 j for 5 min (c)

and 350j for 1 h (d) (The black and white arrows in Fig.3a denote the recrystallized grains and remaining

twins, respectively; arrows in Fig.3d also denote the remaining twins)

# 4 Mg–1Zn � Mg–1Y Æ��� EBSD pqqrq
Fig.4 EBSD orientation maps of Mg–1Zn and Mg–1Y alloys after annealing

(a) Mg–1Zn, 200 j for 5 h (b) Mg–1Y, 350 j for 5 min

(c–g) high magnification of the area squared by the dashed line in Fig.1b
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.Mg–1Zn*'7:C6);]]>E5+1f,,2/
>5=l>>9f,; '7+1fJ;&]]>E>9H
`]VY[f9=l>>9. /E, >5hh;>&iO
]V#6;>/7c&ANJ:.?`r [10,16,17]: 56◦

/ 64◦ ^WM7:, {1011}/ {1013}08;>; 86◦ ^
W:,. {1012}=9;>; 38◦ ^W/ 22◦ ^W`:,
. {1011}–{1012}/ {1013}–{1012}8-;1. aR 4a
;pw&;>iO]V_Y, >5hh;>AgM:,.
08;>48-;>, ,7:,.=9;>, Z=g;>
5oGJD=l>>94J:.). -deÆfb9/3
Y1F.>&;>, 7;>5g]V68_D-hh`_
/s>ti&J:.)/=l>>9. R 4b–g / Mg–
1Y *' 350 GCF 5 min D& EBSD R. ]R 4a
8?, Mg–1Y *';=l>>9fMO`Ms7+1G
<;, =Zl6O Mg–1Y *'7:C6);+1&MO
'. ]R 4a i^, AgM&hh;>:,.08;>/
8-;1, Z&,7 {1012}=9;> (R 86◦). R 4c—
g M7/R 4b ;tm1Æfb9&?Qp. R 4c /m
O& {1011}–{1012}8-;>1n, l7 {1011}]10
8;> (R 56◦) 5Y1 {1012}8-;1 (R 86◦), a'
1*]7cR 38◦ &oQ. /E, 7R 4c ;&;>5d
&Y[=l>>94J:.), =m;Æ;>;d&Y1
F.>&b2. i^`, R 4d &;>;ZoY[=l>
>9ZZd&F.>Y1. '7R 4e / f ;&;>5
g, ]V68GJD=l>>94J:.), >;7R 4f
&&g;>H3CY1F.>. UR 4g WX, ]VGJ
DA7-=l>>9WÆf�ZNOb^.F.>>E&
s>, =ZuvnÆ*'&A=F.>>E;7CF6)
;#6-=l>>9:Al>>9d@Q+1*&. om
EBSD .d26, 7CF6);hh;>HpVY1F.
>]>5gfV+11f,&I. =]1]:C6);;
1Y1&wDrx&I: :C]s1*&;>7D@+1
6);, Ud7=g;>5&g]Vd@Y1@<, `*
>fV+11<'Y1F.>; Z;7:CDs1*&;
>, -.D@+17=, pVfVa;&+11,  E=g
;>HpVY1F.>.
2.3 p&'qrsrtuvwx(

2.3.1 )*+,-./0 UR 5a WX, 2 >*
'78?;>CFD&F.>cmMA Xv / lnt(t /C
FBN) u[mO&WS OXge, =]qK.2'E;G
+3Fi^ [12,18,19]. V Mg–1Zn *'/G, 7 200 GC
FB, xyp lnt a 0 DR 8 &rv:,.F.>&1k
6) [12], RzhrF.>6)& 2/3; kCF;>n?S
300 GB, t'F.>&1k6)688w (a 0 DR 4
&rv), fRzhrF.>6)& 2/3. Mg–1Y *'7
300 GCF] Mg–1Zn *'7 200 GCF&geG+i

# 5 Mg–1Zn � Mg–1Y Æ�
�����Æ
�uy
�����dp	zy

Fig.5 Volume fraction of recrystallization Xv vs lnt for

Mg–1Zn and Mg–1Y alloys under different annealing

conditions (t denotes the holding time, n denotes the

Avrami exponent)

(a) Xv as a function of lnt

(b) ln(ln(1/(1–Xv))) as a function of lnt

^. =Y6 2 >*'7P;CF&A=F.>Mv2.1
k6), =;-.+1G<;hh;>51kspWE.

7qK.2'E;, ]V#6Cm& JMAK KO

?\wA=F.>&5:H6) [12], ÆKO7U:<D
AZ31 &*' [20,21] &CF6);Z&;<:

Xv = 1 − exp(−Btn) (1)

>;, B /]>E1{KI&\]2X, n / Avrami 2
X. n ]V#6x (1) G+* ln(ln(1/(1–Xv))) ] lnt &

e'IaDED

ln(ln(1/(1 − Xv))) = lnB + n lnt (2)

R 5b / Mg–1Zn *'7 200 / 300 GCF, Mg–
1Y *'7 300 GCFB ln(ln(1/(1–Xv))) ] lnt &I

a, >;:,. Mg–1Zn 7 200 / 300 G, Mg–1Y 7
300 G& n |M7/ 0.88, 1.33 / 1.11. Su $ [18] :8

?,+7 (0.1—0.5) 2;08& AZ31 *'78?CF
;> (200, 400 G) F&5426, n k+17&c:'
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# 6 Mg–1Zn � Mg–1Y Æ�
�������xy���dp	zy
Fig.6 Relationships between grain size D (a, b) and holding time t (c, d) for (a) Mg–1Zn and (b) Mg–1Y alloys,

ln(dD/dt) vs lnD for (c) Mg–1Zn and (d) Mg–1Y alloys

c:, kCF;>&n?'c:, 17 1.5—3.4 AN+
9 [18]; =]=54; Mg–1Zn *'& n kCF;>n

?'c:&ly6E. t6K0, Su $ [18] &54ZY

6-.8?54;+17�CF$oz@L8A<K?,
ozzE& n iz*7?654;?f. =54;, Mg–
1Zn *':C6);+1i8MOZ7>9�A6R$
HfV+17iA, 2/7 300 GCFB> n |? Mg–
1Y i?. /E, 2 >*'zE& n Mb^. 1, ouO
NDMz| n=4[12,18,19], =]F.>1k`K8MO&
I [12].

F.>;6r-1kGv/@AGv2C&6), 2
>*'&A=F.>{@4v2.+1G<;hh;>
H&1k6). Mg–1Zn *'7 300 GCF6);, j
B 5 min CFl{G@A1U9SR 60 µm, 2/7
Æ;>F Mg–1Zn *'&A=F.>6)_v2.1k
6), 6|1k, >E&@A{M{G. 7E7-& Mg–
1Y *';, 7>9How [20] 4c\ [2] &7-B.xN
GvnP, {#6|}>9<5?5}F.>>E&@A,
300 GCF 24 h D, EDO>ENOR 20 µm &X=&
A<F.>G<. 2/, Mg–1Y *'7Æ;>&F.>
6);6r|v2.1k&6), ~v2.@A&6).

2.3.2 -123./045 R 6a / b M7/

Mg–1Y / Mg–1Zn *'78?CF;>FF.>>E
NO D kCFBN&+96). UR;deWX, 2 >
*'&>E@A6)Z]VM/|rrv: ~6rv:
,CFBN/ 0—1×104 s, /rv>Evk@A; ~8
rv:,CFBNa 1×104—5×104 s, /rv>Ey
G@A; ~|rv:,CFBN 5×104 s Vm, /rv
>Evk@A. aR 6a ;]V_Y, kCFBNR/
100 s B, CF;>7 300, 400 / 500 G& Mg–1Zn *
'>ENOM7/ 59, 99 / 181 µm. lCF;>Sn?
100 G, >ENORcA 1 Q. /E, knCF;>n?,
~8rv&�vZ68n?, l@AGv8D4?. R 6b
;, kCF;>n? Mg–1Y &>ENOZ&i^&G+
3F, >b2;>E@AGvl>9}<Gv];>z6
KI [12]. 7K?CF;>, "7; 400 GCFB, a
2 >*'&>ENOG+3F]V_Y, C{K?CFB
ND, -.:+ Y ?CO>9}<lF.>>E@A6
), / Mg–1Y *'CFD&>ENO68=. Mg–1Zn
*'.

Burke / Turnbull[21] 5/>9}<G>]>9H
&j50:&I, 1` Y>E@A&5:HKO

Dn′ − Dn′
0 = c1t (3)
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x;, D0 /]]>ENO, n′ />E@A2X (grain
growth exponent), c1 ;/;>KI&(A.

#6:x (3) ;& t ~ 1J:A, ED

ln
(dD

dt

)
= ln

(c1

n′
)
− (n′ − 1)lnD (4)

>;, (dD/dt) / lnD ]VaR 6a / b &ge;
ED, 1M7|*EDUR 5c / d &e'Ia, >;P
e&�vl/ (n′–1).

/Ol.?f, M7aR 6c / d ;|*&Pe�v
EDO 2 >*'7 400 / 500 GCFB&>E@A2X
n′. Mg–1Zn *'7 400 / 500 G& n′ M7/ 2.4 /
2.5; ' Mg–1Y *'7 400 / 500 G& n′ M7/ 3.2
/ 3.4. |ELu&;, Burke / Turnbull[21] }}ND
KO` EY& n′ $. 2; 'ozzE& n′ k,~/C
F;>8?, 7 2 D 5 AN+9, n′ ouNDMz|]~
./c\bX:>9<5|}&i+ [18]. 2/, 7K?
;> (400 / 500 G) F, Mg–1Y ? Mg–1Zn *'& n′

i?&b2]1?}.c\7-B. Y ? Zn :>9}
<(&i(&|}i+.

3 Y6
(1) :C Mg–1Zn *'&+1G<|&A6RZ&

;>, 17>;�kn5=F.>Y1; ':C Mg–1Y
*'&+1G<@4/;>, d&GJDA6R/5=F
.>Y1.

(2) CF6);, Mg–1Zn / Mg–1Y *';oY1
F.>&hh;>5d&Y[=l>>94J:.), ]
1b2;=g;>7:C6)DsY1,  EVf&+1
1f,.

(3) CF6);, Mg–1Zn *'A=F.>6)@4
v2.1k6), ' Mg–1Y *'A=F.>6)|v2
.1k6)~v2.@A6), .d EA<A=F.>
D Mg–1Y *'>ENO? Mg–1Zn *'iX=.

(4) -. Mg–1Zn / Mg–1Y *'&:CG<;
A=F.>1k8MO,  E JMAK KO\w��7
200 G/ 300 GA=CF&F.>5:H& Avrami 2

X n ≈1, ouNDMz| n=4.
(5) Mg–1Y / Mg–1Zn *'7 300—500 GAN&

>E@A5:H6)]V\w/ Dn′ − Dn′
0 = c1t. -.

c\7-B. Y ? Zn B.:>9<5(&i(&|}
i+, Mg–1Y *'7 400—500 G�f5CF&>E@
A2X n′ |i?.
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